INTRODUCTION
============

The endomembrane system of plants is very similar to those found in other eukaryotes, and is comprised of the endoplasmic reticulum (ER), the Golgi apparatus, endosomes, vacuoles, and the plasma membrane ([@b35-molce-38-10-866]). The Golgi apparatus is composed of multiple stacks of cisternae, which can be further divided into three parts; the *cis*-, *medial*-, and *trans*-Golgi ([@b55-molce-38-10-866]). Each cisterna within the Golgi apparatus has a distinct set of proteins and enzymes that enable the processing of numerous proteins, including those trafficked to the vacuoles or secreted to the cell wall ([@b13-molce-38-10-866]; [@b19-molce-38-10-866]; [@b48-molce-38-10-866]).

Coated vesicles (COPI, COPII, and clathrin) are responsible for trafficking proteins throughout the endomembrane system ([@b56-molce-38-10-866]). COPII vesicles mediate the anterograde transport from ER to Golgi, while clathrin-coated vesicles transfer proteins out of the *trans*-Golgi network, or transfer materials endocytosed from the cell surface ([@b35-molce-38-10-866]). COPI vesicles are responsible for the retrograde transport of proteins from the Golgi to the ER, and for intra-Golgi transport ([@b56-molce-38-10-866]). COPI is a heptameric complex composed of α, β, β′, γ, δ, ε, and ζ subunits ([@b33-molce-38-10-866]). The components are recruited *en bloc* onto nascent Golgi vesicles by ARF1 GTPase to form the coat of the COPI vesicles ([@b28-molce-38-10-866]; [@b51-molce-38-10-866]). COPI is especially important in the retention of organelle-specific proteins in its place, maintaining the unique property of each organelle ([@b21-molce-38-10-866]). Recent studies have revealed that there are subpopulations of COPI vesicles; one group transports vesicles to the ER, while the other group moves within the Golgi ([@b17-molce-38-10-866]; [@b20-molce-38-10-866]). Although such subpopulations were initially distinguished by EM ([@b17-molce-38-10-866]), recent studies in *Arabidopsis* have implied that subpopulations of COPI vesicles may be comprised of different isoforms of COPI subunits ([@b20-molce-38-10-866]).

Unlike the formation of the cleavage furrow in animal cells for cytokinesis, plant cells generate phragmoplasts that enable the deposition of membrane vesicles in the middle of the division zone to form the cell plate ([@b36-molce-38-10-866]). The phragmoplast is a complex assembly of microtubules, micro-filaments, and endoplasmic reticulum elements, and it controls the trafficking of secretory vesicles, originating from the trans-Golgi network/early endosome, to the division plane for the delivery of newly synthesized proteins and cell-wall polysaccharides ([@b3-molce-38-10-866]; [@b68-molce-38-10-866]). Golgi stacks consistently accumulate near the phragmoplast during telophase and cytokinesis ([@b49-molce-38-10-866]; [@b52-molce-38-10-866]). Recent studies have revealed the machinery used in cell-plate vesicle trafficking, which includes Rab/Ypt family GTPases, TRAPPI/TRAPPII, the exocyst complex, the cytokinesis-specific t-SNARE (KNOLLE), a syntaxin-binding protein (KEULE), and dynamin-related proteins ([@b37-molce-38-10-866]; [@b49-molce-38-10-866]; [@b72-molce-38-10-866]). These proteins play a role in the directional transport, docking, and fusion of cell-plate-destined vesicles. However, the molecular machinery involved in the formation of cell-plate-building vesicles has not been properly characterized.

In plants, the presence of γ-COP proteins was detected in the vesicles proximal to the Golgi apparatus based on immunolabeling and *in vitro* reconstitution experiments ([@b57-molce-38-10-866]). [@b63-molce-38-10-866] used brefeldin A (BFA), which blocks the formation of COPI vesicles and clathrin vesicles, to elucidate the function of these vesicles. Further studies revealed the protein characteristics and *in planta* functions of regulators of COPI vesicle formation, notably the ARF1 GTPase and its regulator, the nucleotide exchange factor GNOM ([@b23-molce-38-10-866]), and the ARF1 GTPase-activating proteins (ArfGAPs) that stimulate the uncoating reaction for vesicle fusion with the target membrane ([@b50-molce-38-10-866]). However, the effect of COPI vesicle components silenced *per se* has not been assessed in plants.

In this study, we investigated the subcellular localization, protein interaction, and physiological functions of β′-, γ-, and δ-COP subunits in *Nicotiana benthamiana* and tobacco BY-2 cells. Our results suggest that the COPI complex is involved in Golgi maintenance and cell-plate formation, and that its prolonged depletion induces programmed cell death in plants.

MATERIALS AND METHODS
=====================

Bimolecular fluorescence complementation (BiFC)
-----------------------------------------------

BiFC analyses were performed as described ([@b1-molce-38-10-866]). The coding regions of *N. enthamiana β′*- and *δ-COP* were amplified by polymerase chain reaction (PCR) and cloned into the pSPYNE vector containing the N-terminal region of yellow fluorescent protein (YFP^N^; amino acid residues 1--155). Similarly, the *γ-* and *δ-COP* cDNAs were cloned into pSPYCE vector containing the C-terminal region of YFP (YFP^C^; residues 156--239). The pSPYNE and pSPYCE fusion constructs were agroinfiltrated together into the leaves of 3-week-old *N. benthamiana* plants as described ([@b73-molce-38-10-866]). After 48 h, protoplasts were generated and the YFP signal was detected using a confocal laser scanning microsope (Zeiss LSM510) and fluorescence microscope.

Virus-induced gene silencing (VIGS)
-----------------------------------

VIGS was performed in *N. benthamiana* as described ([@b45-molce-38-10-866]). *N. benthamiana β′-,* γ-, and *δ-COP* genes were PCR-amplified using the following specific primers: β′-COP (5′-ggatccatgcctccgaggctgga-3′ and 5′-gggcccctttatagtc cgatcaag-3′), γ-COP (5′-ggatccaagaccgggaatga-3′ and 5′-gggcccacaacgttcaac-3′), and δ-COP (5′-ggatccggtggtgtcagca-3′ and 5′-gggcccttctagtgctccact-3′).

VIGS in *Arabidopsis* was carried out as described ([@b9-molce-38-10-866]). *Arabidopsis δ-COP* (At5g05010) was PCR-amplified using specific primers (5′-gaattcatggttgtgcttgctgct-3′ and 5′-ggtaccaatactgcttcacctggg-3′). The amplified cDNA fragment was cloned into the TRV2 vector using *Bam*HI/*Kpn*I sites to generate TRV2:δ-COP, which was subsequently transformed into *Agrobacterium tumefaciens* (strain C58C1). The recombinant *Agrobacterium* strains were grown overnight in LB media containing 10 mM MES-KOH (pH 5.7) and 20 μM acetosyrin-gone, induced in induction media \[10 mM MgCl~2~, 10 mM MESKOH (pH 5.7), and 200 μM acetosyringone\] at OD~600~ of ∼1.5 for 3--5 h, and then infiltrated into leaves of the ST-GFP-expressing transgenic *Arabidopsis* plants at 15 days after germination.

Flow cytometry
--------------

Nuclei were extracted from leaves of the VIGS plants and analyzed by flow cytometry as described ([@b40-molce-38-10-866]).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
--------------------------------------------------------------------------

The TUNEL assay was performed with leaves of the VIGS plants as described ([@b1-molce-38-10-866]).

Staining with lysotracker red (LTR) and monodansylcadaverine (MDC)
------------------------------------------------------------------

LTR and MDC staining were performed as described ([@b39-molce-38-10-866]).

Transmission electron microscopy
--------------------------------

TRV and TRV:β′-COP leaves at 12 days after infiltration (DAI) underwent transmission electron microscopy as described ([@b38-molce-38-10-866]).

Generation of DEX-inducible *β′-COP* RNAi BY-2 cell lines
---------------------------------------------------------

BY-2 cells were transformed with the DEX-inducible *β′-COP* RNAi construct based on the sense and anti-sense sequence of a 502-bp cDNA fragment of *N. benthamiana β′-COP* as described ([@b1-molce-38-10-866]). For the induction of RNAi, the transgenic BY-2 cells were grown on medium containing 15 μM DEX in ethanol (0.033%).

Staining of BY-2 cells
----------------------

BY-2 cells were co-stained with aniline blue and 4′,6-diamidino-2-phenylindole (DAPI) to observe the nuclei and cell plate as described ([@b71-molce-38-10-866]). Double-labeling of BY-2 cells with calcofluor staining and anti-α-tubulin antibodies was performed to observe the cell plate and phragmoplasts as described ([@b54-molce-38-10-866]).

RESULTS
=======

Golgi localization and protein interactions of COPI subunits
------------------------------------------------------------

The COPI coatomer complex is composed of 7 subunits α-, β-, β′-, γ-, δ-, ε-, and ζ-COP, and corresponding homologs are present in the *Arabidopsis* and *Nicotiana benthamiana* genomes. We selected *β′*-, γ-, and *δ-COP* to determine physiological functions of the COPI subunits in plants. [Supplementary Figures S1 and S2](#SD1){ref-type="supplementary-material"} present the nucleotide and amino acid sequences of *N. benthamiana β′*-, γ-, and *δ-COP* genes, respectively. COPI vesicles were found in the proximity of the Golgi apparatus according to immunogold labeling studies ([@b57-molce-38-10-866]). In order to determine more clearly the subcellular localization of COPI subunits, GFP fusion proteins of β′-, γ-, and δ-COP were expressed in *N. benthamiana* leaves via agroinfiltration, together with the Golgi marker G-RK ([@b53-molce-38-10-866]; [Fig. 1A](#f1-molce-38-10-866){ref-type="fig"}). Confocal laser scanning microscopy of the protoplasts prepared from the infiltrated leaves revealed overlapping patterns of green fluorescence from GFP-fused β′-, γ-, and δ-COP, and red fluorescence of G-RK as numerous spots in the cytosol ([Fig. 1A](#f1-molce-38-10-866){ref-type="fig"}). Thus, the COPI subunits appear to localize to the Golgi apparatus in plants

COPI is a heptameric protein complex, which functions only when all its subunits are bound together ([@b33-molce-38-10-866]). We used bimolecular fluorescence complementation (BiFC) to examine the interactions between COPI subunits ([Fig. 1B](#f1-molce-38-10-866){ref-type="fig"}). YFP^N^-and YFP^C^-fused β′-, γ-, and δ-COP proteins were expressed in combination into *N. benthamiana* leaves by agroinfiltration. All three combinations of COPI subunits (β′-COP:YFP^N^ and γ-COP:YFP^C^, β′-COP:YFP^N^ and δ-COP:YFP^C^, and γ- COP:YFP^N^ and δ-COP:YFP^C^) resulted in YFP fluorescence in the leaf protoplasts, displaying a pattern that resembles the Golgi pattern observed in [Fig. 1A](#f1-molce-38-10-866){ref-type="fig"}. However, no fluorescence was detected in the leaf protoplasts co-expressing β′-COP:YFP^N^ and YFPC, δ-COP:YFP^C^ and YFP^C^, YFP^N^ and γ-COP:YFP^C^, or YFP^N^ and δ-COP:YFP^N^ and YFP^C^ as controls ([Supplementary Fig. S3](#SD1){ref-type="supplementary-material"}). These results suggest that the COPI subunits β′-, γ-, and δ-COP interact with each other at the Golgi apparatus.

VIGS of the COPI subunit genes results in acute plant cell death
----------------------------------------------------------------

Due to the essentiality of the gene function, it has been difficult to characterize the loss-of-function phenotypes of the COPI subunit genes in plants ([@b5-molce-38-10-866]). Virus-induced gene silencing (VIGS) can be useful for analyzing embryo lethal genes during postembryonic developmental stages ([@b9-molce-38-10-866]; [@b58-molce-38-10-866]; [@b64-molce-38-10-866]). To investigate the physiological functions of the COPI complex during plant development, we examined knockdown phenotypes after VIGS of *β ′-, γ -,* and *δ-COP* in *N. benthamiana* ([Fig. 2](#f2-molce-38-10-866){ref-type="fig"}). VIGS was performed with partial cDNA fragments of the *N. benthamiana* *β′*-, *γ*-, and *δ-COP* genes cloned into a tobacco rattle virus (TRV)-based VIGS vector. TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP each contained a 504-bp N-terminal region, a 501-bp central region, and a 504-bp C-terminal region of their respective cDNAs ([Fig. 2A](#f2-molce-38-10-866){ref-type="fig"}). VIGS with all of these constructs resulted in growth retardation and acute cell death in leaves by forming necrotic lesions that spread from the leaf base to the tip ([Fig. 2B](#f2-molce-38-10-866){ref-type="fig"}). The necrotic spots appeared in leaves of the VIGS plants as early as 14 days after infiltration (DAI), and the plants usually perished within a month after infiltration. This abnormal phenotype has been observed reproducibly in almost all of the \>150 *N. benthamiana* plants that have been subjected to *COPI* VIGS to date. VIGS with the control TRV, however, resulted in barely visible phenotypes. Semiquantitative reverse transcription PCR (RT-PCR) revealed significantly lower levels of endogenous transcripts of *β′*-, *γ*-, and *δ-COP* in the leaves of their respective VIGS plants, suggesting that gene silencing had occurred ([Fig. 2C](#f2-molce-38-10-866){ref-type="fig"}).

Characterization of cell-death phenotypes in COPI-deficient plant cells
-----------------------------------------------------------------------

We characterized the cell death phenotypes of the *β ′-, γ-,* and *δ-COP N. benthamiana* VIGS plants ([Fig. 3](#f3-molce-38-10-866){ref-type="fig"}; [Supplementary Figs. S4 and S5](#SD1){ref-type="supplementary-material"}). DNA fragmentation caused by cell-death-specific endonucleases is a hallmark feature of programmed cell death. We performed flow cytometry to determine the DNA content of nuclear suspensions from COPI VIGS plants, in comparison with TRV control ([Fig. 3A](#f3-molce-38-10-866){ref-type="fig"}). Most of the nuclei had a ploidy level of 2C in TRV leaves at 11 and 16 DAI. Although the leaf cells of the TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP plants exhibited normal DNA content at 11 DAI, apoptotic nuclei with fractional (sub-G1) DNA content were evident at 16 DAI, suggesting that DNA fragmentation had occurred ([Fig. 3A](#f3-molce-38-10-866){ref-type="fig"}).

We subsequently performed the TUNEL assay, which detects DNA breaks by inserting fluorescent nucleotides into the broken DNA ([@b22-molce-38-10-866]). Confocal laser scanning microscopy detected no fluorescence in the leaf nuclei of control TRV plants at 15 DAI. However, strong fluorescent signals were detected in TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP leaf nuclei as well as in DNase-treated TRV nuclei (positive control), suggesting that DNA fragmentation had occurred in those nuclei ([Fig. 3B](#f3-molce-38-10-866){ref-type="fig"}).

Modification of mitochondrial membrane permeability (MMP) is linked to activation of the programmed cell death pathway ([@b43-molce-38-10-866]; [@b60-molce-38-10-866]). Thus, we monitored the MMP of leaf protoplasts from VIGS plants by using *Tetramethylrhodamine methyl ester* (TMRM*)* fluorescent probes that accumulate in mitochondria in proportion to the mitochondrial membrane potential. The average TMRM fluorescence of the TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP protoplasts was 4- to 10-fold lower than that of the TRV control at 15 DAI, suggesting reduced mitochondrial membrane potential ([Supplementary Fig. S4](#SD1){ref-type="supplementary-material"}). To test whether reactive oxygen species (ROS) are involved in the cell death of TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP plants, leaf protoplasts of the VIGS plants (15 DAI) were incubated with H~2~DCFDA, which produce green fluorescence in the presence of H~2~O~2~. H~2~DCFDA fluorescence in the TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP protoplasts was 2.5- to 3-fold higher than in the TRV control, suggesting ROS involvement in the cell-death program of the COPI-depleted plant cells ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}).

COPI deficiency results in disassembly of the Golgi apparatus
-------------------------------------------------------------

Since COPI subunits mainly localize to the Golgi ([Fig. 1](#f1-molce-38-10-866){ref-type="fig"}), we examined whether depletion of the COPI complex disrupts biogenesis of the Golgi before the affected leaf cells undergo programmed cell death (PCD). We used ST-GFP as the Golgi marker to observe Golgi patterns in live leaf cells. Transient expression of ST-GFP in VIGS plants through agro-infiltration can result in different expression levels of the marker protein in each VIGS plant. Thus, we instead performed VIGS in *Arabidopsis* transgenic plants that stably express ST-GFP ([@b50-molce-38-10-866]), using the *Arabidopsis δ-COP* gene in the TRV2 VIGS vector. Plant phenotypes of *δ-COP* VIGS in *Arabidopsis* were very similar to those in *N. benthamiana*. Confocal microscopy revealed that TRV2:δ-COP leaf cells were deprived of Golgi-specific foci in the cytosol; instead, green fluorescence of ST-GFP was mainly observed in the periphery of the cells ([Fig. 4A](#f4-molce-38-10-866){ref-type="fig"}). Indeed, the number of foci in the TRV2:δ-COP leaf cells was reduced to about 27% of the number in the TRV2 control ([Fig. 4B](#f4-molce-38-10-866){ref-type="fig"}). These results suggest that COPI deficiency leads to disruption of the Golgi apparatus. Transmission electron microscopy (TEM) of transverse leaf sections from *N. benthamiana* VIGS plants revealed that TRV control cells contained well-organized Golgi stacks consisting of multiple flattened cisternae. Abnormal or disrupted Golgi morphology was rarely observed in TRV cells. In contrast, leaf cells of TRV:β′-COP plants (12 DAI) mostly contained disintegrating or less organized forms of Golgi apparatus (79.3%), although normal Golgi was also observed (20.7%). Consistent with data from the mammalian system ([@b59-molce-38-10-866]), these results demonstrate that COPI functions are required for maintaining the Golgi apparatus in plants.

COPI deficiency causes accumulation of autolysosome-like structures
-------------------------------------------------------------------

Autophagy is a conserved catabolic pathway in eukaryotic cells that controls the recycling of bulk cytoplasmic materials ([@b4-molce-38-10-866]; [@b46-molce-38-10-866]; [@b47-molce-38-10-866]; [@b65-molce-38-10-866]). During autophagy, cytoplasm is enclosed in autophagosomes and delivered to the lysosome or lytic vacuole for degradation. In tobacco, autophagosomes can fuse with small lysosomes or endosomes, where the contents can be degraded prior to fusion with the vacuole ([@b4-molce-38-10-866]). It has been reported that depletion of COPI subunits leads to the accumulation of autophagosomes in mammalian cells ([@b59-molce-38-10-866]). To detect autophagy, leaf protoplasts of TRV, TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP *N. benthamiana* VIGS plants at 12 DAI were stained with lysotracker red (LTR) or monodansylcadaverine (MDC), both of which stain acidic organelles such as autolysosomes and lytic vacuoles. LTR- and MDC-stained autolysosome-like particles were clearly visible in protoplasts from TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP VIGS plants, while staining was rarely observed in TRV control protoplasts ([Fig. 5A](#f5-molce-38-10-866){ref-type="fig"}). The LTR and MDC fluorescence in the protoplasts was quantified: *β′-, γ-,* and *δ-COP*-silenced protoplasts commonly exhibited levels of fluorescence that were over 10 times higher than that of TRV ([Figs. 5B and 5C](#f5-molce-38-10-866){ref-type="fig"}). Furthermore, transmission electron microscopy (TEM) revealed that TRV:β′-COP leaf cells at 12 DAI exhibited abundant autophagosome-like double-membrane vesicles containing electron-dense materials, while such structures were only sporadically observed in control TRV cells ([Fig. 5D](#f5-molce-38-10-866){ref-type="fig"}).

Defective cell plate formation in DEX-inducible *β′-COP* RNAi BY-2 cells
------------------------------------------------------------------------

Cell plate formation is a plant-specific process that requires deposition of vesicles derived from the Golgi in the middle of the division zone ([@b36-molce-38-10-866]). The γ-COP protein was shown to localize near the cell plate in maize roots based on immunofluorescence ([@b10-molce-38-10-866]). In order to examine the effects of COPI depletion in cell plate formation, DEX-inducible *β′-COP* RNAi transgenic BY-2 cell lines were generated. The *β′-COP* mRNA level of the RNAi BY-2 cells was reduced to about 57% of the level of ethanol-treated cells (−DEX) after 2 days of 15 μM DEX treatment, and the level was further reduced to less than 10% of the (−)DEX level after 4 days of DEX treatment ([Fig. 6A](#f6-molce-38-10-866){ref-type="fig"}). To observe cell plate formation, the *β′-COP* RNAi BY-2 cells were fixed and immunolabeled with anti-α-tubulin antibodies, and then stained with calcofluor-white, which stains cellular structures containing cellulose, for confocal laser scanning microscopy. The calcofluor fluorescence intensity profile spanning the cell plate (marked with white lines) is also shown. (−)DEX BY-2 cells at telophase exhibited newly forming cell plates (calcofluor staining) and normal assembly of phragmoplasts (α-tubulin labeling) ([Fig. 6B](#f6-molce-38-10-866){ref-type="fig"}). However, cell plates were missing or defective in DEX-treated cells despite normal patterns of phragmoplasts ([Fig. 6B](#f6-molce-38-10-866){ref-type="fig"}; [Supplementary Fig. S6](#SD1){ref-type="supplementary-material"}).

The absence of cell plate formation during cytokinesis leads to binucleate cells, and these types of binucleate cells are observed in brefeldin A (BFA)-treated cells ([@b63-molce-38-10-866]; [@b77-molce-38-10-866]). Notably, blockage of cell plate formation by BFA treatment coincides with the disruption of the Golgi apparatus ([@b63-molce-38-10-866]). The cell plate defect of *β′-COP*-silenced BY-2 cells was further examined using aniline blue staining, which detects callose deposited on the forming cell plate ([@b25-molce-38-10-866]), along with DAPI staining to visualize nuclei ([Fig. 6C](#f6-molce-38-10-866){ref-type="fig"}). The cell plate defect was then quantified using confocal microscopy ([Fig. 6D](#f6-molce-38-10-866){ref-type="fig"}). BFA-treated BY-2 cells were used as positive control. DEX-treated BY-2 cells exhibited a significantly higher percentage of telophase cells without cell plates (∼71%), similar to BFA-treated cells (∼88%), as compared to (−)DEX cells (∼27%) ([Figs. 6C and 6D](#f6-molce-38-10-866){ref-type="fig"}). These results collectively suggest that intact COPI functions are crucial for the cell plate formation.

DISCUSSION
==========

In this study, we employed VIGS and RNAi to observe the physiological effects of COPI deficiency in plants. We showed that the COPI coatomer complex plays an essential role in plant growth and survival as the depletion of its subunits leads to growth arrest and early onset of plant death. The β′-, γ-, and δ-COP subunits localize to the Golgi apparatus and interact with each other there. Silencing of *β′-, γ-,* and *δ-COP* genes using VIGS results in disassembly of the Golgi apparatus and accumulation of autolysosome-like structures. Finally, RNAi inhibition of *β′-COP* in tobacco BY-2 cells causes defective cell plate formation. These results suggest that COPI functions are critical for Golgi maintenance and cell plate formation in higher plants.

COPI vesicles are essential structures in eukaryotic cells that mediate the retrograde transport of various cargo proteins in the endomembrane system. The heptameric COPI complex is recruited to the Golgi membranes by ARF1 GTPase, and the resulting COPI vesicles transport proteins to the ER or to the *cis*-Golgi under regulation of ARF1 ([@b6-molce-38-10-866]; [@b28-molce-38-10-866]; [@b33-molce-38-10-866]). However, the possibility of COPI vesicle involvement in anterograde transport between Golgi cisternae remains controversial ([@b18-molce-38-10-866]). Recent structural studies have shown that binding of the COPI complex to the ARF1 GTPase is mediated by the δ- and γ-COP subunits ([@b79-molce-38-10-866]), while β′-COP is known to bind the dilysine motif of ER-retention proteins ([@b34-molce-38-10-866]).

In this study, the depletion of COPI subunits in plants caused disruption of the Golgi complex and accumulation of autolysosome-like structures ([Figs. 4](#f4-molce-38-10-866){ref-type="fig"} and [5](#f5-molce-38-10-866){ref-type="fig"}). Consistent with the results, loss of β′-, α-, or β-COP by siRNA in mammalian cells led to fragmentation of the Golgi and the accumulation of autophagosomes ([@b59-molce-38-10-866]). Similarly, degradation of temperature-sensitive ε-COP at the non-permissive temperature in a CHO cell line resulted in the loss of the Golgi complex ([@b26-molce-38-10-866]). BFA is a chemical known to disrupt the Golgi apparatus. Studies in animals have shown that BFA inhibits the guanine nucleotide exchange factor (GEF) of the ARF GTPases, which in turn inhibits formation of COPI vesicles ([@b16-molce-38-10-866]). BFA treatment in tobacco BY-2 cells led to disruption of the Golgi beginning from the *cis*-cisternae, and subsequently resulted in an ER-Golgi hybrid ([@b63-molce-38-10-866]). Interestingly, the Golgi-associated γ-COP subunit completely disappeared and became dispersed throughout the cytoplasm in BY-2 cells upon BFA treatment ([@b63-molce-38-10-866]). The mechanism in which COPI deficiency causes autophagosome accumulation has been studied in mammalian cells ([@b59-molce-38-10-866]). Although COPI vesicles are best known for their role in vesicle transport between the Golgi and ER, COPI subunits are also involved in maintaining endosomal/lysosomal functions ([@b24-molce-38-10-866]; [@b75-molce-38-10-866]). Autophagy requires the fusion of autophagosomes with late endosomes for content degradation, and the loss of COPI subunits (β′, α, or β) was observed to cause inhibition of early endosome function, resulting in the accumulation of autophagosomes in mammalian cells ([@b59-molce-38-10-866]).

A deficiency of COPI subunits induced programmed cell death (PCD) in *N. benthamiana* leaf cells, accompanied by DNA fragmentation, reduced mitochondrial membrane potential, and an increase in cellular ROS level ([Fig. 3](#f3-molce-38-10-866){ref-type="fig"}; [Supplementary Figs. S4 and S5](#SD1){ref-type="supplementary-material"}). In zebrafish, a defect in *α-, β-,* or *β′-COP* led to embryo lethality; in the mutant embryo, export from the endoplasmic reticulum (ER) was blocked, the Golgi structure was disrupted, and widespread apoptosis was induced ([@b11-molce-38-10-866]). Interestingly, these results suggest that a defective COPI system can affect anterograde transport from the ER to the Golgi. Indeed, retrograde trafficking plays a critical role in recycling ER-resident machinery; a failure to retrieve these proteins by a defective retrograde pathway can result in a concomitant block in anterograde transport ([@b44-molce-38-10-866]; [@b45-molce-38-10-866]; [@b62-molce-38-10-866]). Perturbations in ER functions disrupt protein folding, leading to the accumulation of protein aggregates and misfolded proteins, a condition referred to as ER stress. Excessive ER stress can induce apoptosis in animals and programmed cell death in plants, which involves DNA fragmentation, cytochrome *c* release, and induction of caspase activity ([@b69-molce-38-10-866]; [@b70-molce-38-10-866]; [@b74-molce-38-10-866]). Induction of PCD in COPI-deficient leaf cells may reflect severe ER stress within the cells, possibly caused by the trafficking defects. Supporting our proposal, [@b80-molce-38-10-866] suggested that retrograde traffic via the COPI system contributes to ER quality control.

COPI-depleted leaf cells accumulated autolysosome-like structures before the onset of acute cell death ([Fig. 5](#f5-molce-38-10-866){ref-type="fig"}). The exact role of autophagy as a pro-survival or pro-death process has been under debate. Autophagy-defective *Arabidopsis* mutants, i.e. *atg* mutants, exhibited early senescence and precocious cell death, and are more sensitive to stresses, supporting a pro-survival function of autophagy ([@b2-molce-38-10-866]; [@b27-molce-38-10-866]; Phillips et al., 2008; [@b76-molce-38-10-866]). However, the *atg5* autophagy-deficient mutation blocked PCD during tracheary element development, and the process was promoted by increased autophagic activity ([@b42-molce-38-10-866]). The results are reminiscent of the findings in *Drosophila* that autophagy is essential for developmental processes such as salivary gland cell degradation and midgut cell death ([@b7-molce-38-10-866]; [@b14-molce-38-10-866]). Thus, autophagy can effectuate cell death pathways involved in development of eukaryotic organisms, supporting a pro-death mechanism. Furthermore, contradictory evidence regarding functions of autophagy in plant immunity has been reported. [@b46-molce-38-10-866] reported that autophagy contributes to resistance and restricts the spread of PCD associated with the pathogen-triggered hyper-sensitive response (HR), thus functioning as a pro-survival pathway. Paradoxically, it has been reported that autophagic components contribute to receptor-mediated HR PCD ([@b29-molce-38-10-866]; [@b30-molce-38-10-866]). These results collectively suggest that intricate balance between pro-survival and pro-death mechanisms operates within autophagy pathways. Accumulation of autolysosome-like structures in COPI-depleted leaf cells may be considered as a last effort to deal with prolonged ER stress and to prevent acute cell death. Further experiments would reveal the role of COPI in autophagy and its influence on PCD observed in COPI-deficient plants.

In plant cells, phragmoplasts control cytokinesis by functioning as a framework to transport cell-plate-destined vesicles to the division plane ([@b72-molce-38-10-866]). However, the origins of the cell-plate-building vesicles have not been clearly demonstrated. It has been suggested that both secretory and endocytic pathways contribute to cell plate formation ([@b15-molce-38-10-866]; [@b61-molce-38-10-866]; [@b66-molce-38-10-866]; [@b67-molce-38-10-866]; [@b72-molce-38-10-866]). During mitosis, Golgi stacks accumulate in a subcortical ring, referred to as the Golgi belt, which stimulates the directed delivery of Golgi-derived vesicles to the cell plate. Treatment of a dividing cell with the VATPase inhibitor concanamycin A, which blocks all membrane trafficking at the TGN but does not interfere with the formation of endocytic vesicles at the plasma membrane, resulted in disruption of cytokinesis and formation of binucleate cells ([@b61-molce-38-10-866]). This result clearly demonstrates that secretory trafficking pathway plays an essential role in cell plate formation. The cell plate, however, is enriched in clathrin-coated vesicles (CCV) and diverse proteins involved in CCV-mediated endocytosis, suggesting that active endocytosis takes place near the cell plate ([@b32-molce-38-10-866]; [@b37-molce-38-10-866]; [@b66-molce-38-10-866]; [@b67-molce-38-10-866]). Indeed, endocytic markers, such as FM4-64, label the cell plate at the initiation stage of biogensis, and inhibition of endocytosis consequently interferes with cell plate formation ([@b15-molce-38-10-866]). More recently, it has been reported that endocytosis restricts the cytokinesis-specific syntaxin KNOLLE to the cell division plane during late cytokinesis ([@b8-molce-38-10-866]). Collectively, these results suggest critical involvement of both secretory and endocytic trafficking in plant cell plate formation.

Previously, COPI subunit epitopes were found to localize near the cell plate in maize roots ([@b10-molce-38-10-866]). In this study, we present evidence that COPI vesicles play an important role in cell plate formation in BY-2 cells ([Fig. 6](#f6-molce-38-10-866){ref-type="fig"}). Our results suggest that COPI vesicles may function not only in the retrograde transport between the Golgi and the ER but also at the cell plate, possibly modulating the recycling movement between the newly forming cell plate and the Golgi stacks or ER. Alternatively, COPI depletion may indirectly affect the cell plate formation; COP1-mediated maintenance of functional Golgi may be crucial for the cell plate formation. Since COPI and ARF1 are present in early endosomes and involved in endosome maturation ([@b24-molce-38-10-866]; [@b31-molce-38-10-866]; [@b75-molce-38-10-866]), there is a possibility that COPI may indirectly affect cell plate formation by modulating endocytic pathway. Interestingly, the role of COPI in cytokinesis appears to be conserved in other eukaryotes. It has been reported that COPI-mediated membrane trafficking is required for cytokinesis in *Drosophila* male meiotic divisions ([@b41-molce-38-10-866]). The final step of cytokinesis in *Drosophila* and other animal cells involves filling the gap in the midbody, which was formed between the cleavage furrows ([@b12-molce-38-10-866]). COPI vesicles may be commonly involved in plant and animal cells as the molecular machinery to form a membranous barrier that separates the daughter cells. Deciphering the molecular networks of the COPI complex and its interactions is likely to be essential for understanding the functions of COPI vesicles in cell plate formation.

Note: Supplementary information is available on the Molecules and Cells website ([www.molcells.org](www.molcells.org)).
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![Subcellular localization and protein interactions of COPI subunits. Each experiment was performed at least three times, and representative images are shown. (A) GFP-fusion proteins of *N. benthamiana* β′-, γ-, and δ-COP were expressed in *N. benthamiana* leaves through agroinfiltration, and GFP signal in leaf protoplasts was examined by confocal microscopy. To mark the Golgi complex, G-RK (red fluorescence) was co-expressed with the GFP fusion proteins. Chlorophyll autofluorescence is pseudo-colored blue. Scale bars = 10 μm. (B) BiFC was performed to detect *in vivo* interactions between *N. benthamiana* COPI subunits. β′-COP:YFP^N^ and γ-COP:YFP^C^, β′-COP:YFP^N^ and δ-COP:YFP^C^, and δ-COP:YFP^N^ and γ-COP:YFP^C^ were expressed together via agroinfiltration, and the YFP signal in leaf protoplasts was observed by confocal microscopy.](molce-38-10-866f1){#f1-molce-38-10-866}

![Virus-induced gene silencing (VIGS) of COPI subunit genes in *N. benthamiana*. (A) Schematic drawing of *N. benthamiana β′*-, *γ*-, and *δ-COP* genes and VIGS constructs. *Bars* indicate cDNA fragments of each gene cloned into the TRV vector. (B) VIGS phenotypes of *β′*-, *γ*-, and *δ-COP* in comparison with the TRV control phenotype. The whole plants (*top*) and individual leaves (*bottom*) are shown at 20 days after infiltration (DAI). (C) Semiquantitative RT-PCR to detect endogenous transcript levels. The actin mRNA level was used as control. Total RNA was prepared from leaves collected from \>6 independent VIGS plants. RT-PCR was performed three times, and a representative gel image is shown.](molce-38-10-866f2){#f2-molce-38-10-866}

![Analyses of cell death phenotypes in COPI VIGS *N. benthamiana* plants. (A) Flow cytometry was performed with leaf nuclei isolated from TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP VIGS plants and TRV control plants at 11 and 16 DAI. Approximately 10,000 nuclei were counted for each sample. A, apoptotic nuclei. (B) The TUNEL assay on TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP VIGS leaves was observed by confocal microscopy. Leaves were counterstained with DAPI to visualize nuclei. TRV and DNase-treated TRV leaves were used as negative and positive controls, respectively. Scale bars = 20 μm.](molce-38-10-866f3){#f3-molce-38-10-866}

![Disruption of Golgi structure in COPI deficient plants. (A) VIGS was performed with *Arabidopsis δ-COP* cDNA fragment in TRV2 vector using *Arabidopsis* transgenic plants expressing ST-GFP fusion protein as a Golgi marker. GFP fluorescence of leaf samples was observed by confocal microscopy at 12 DAI. Scale bars = 20 μm. (B) For quantification of the Golgi-specific foci shown in (A), z-sectioning images were taken serially at 0.5-µm intervals (10 images). After 3-dimensional (3-D) reconstruction, the foci were counted using ImageJ. Approximately 300 foci were counted for each 3-D image, and 9 leaf samples were analyzed for each VIGS line for statistical analysis. Foci numbers of TRV2:δ-COP VIGS plants were expressed relative to that of TRV2 control. Asterisks denote the statistical significance of the differences between TRV2:δ-COP and TRV2 control samples: *^\*^P ≤ 0.05; ^\*\*^P ≤ 0.01*. (C) Morphology of the Golgi complex in the leaves of the *N. benthamiana* TRV:β′-COP VIGS plants (12 DAI) was observed by transmission electron microscopy (TEM). Scale bars = 0.5 μm in (a, b, d); 0.2 μm in (c, e, f).](molce-38-10-866f4){#f4-molce-38-10-866}

![Detection of autolysosomal structures in COPI VIGS *N. benthamiana* plants.(A) Lysotracker red (LTR) and monodansylcadaverine (MDC) staining of leaf protoplasts isolated from TRV:β′-COP, TRV:γ-COP, and TRV:δ-COP VIGS plants at 12 DAI. Representative confocal images are shown. Scale bars = 5 μm. (B) LTR fluorescence of leaf protoplasts from COPI VIGS plants shown in (A) was expressed relative to that of TRV control. Data represent means ± SD of 30 individual protoplasts. Asterisks denote the statistical significance of the differences between *COPI*-silenced plants and TRV controls; *^\*^P ≤ 0.05; ^\*\*^P ≤ 0.01*. (C) MDC fluorescence of leaf protoplasts from COPI VIGS plants shown in (A) was expressed relative to that of TRV control. Data represent means ± SD of 30 individual protoplasts. (D) Representative TEM images of the cytoplasm in mesophyll cells of TRV and TRV:β′-COP VIGS plants at 12 DAI. Scale bars = 0.5 μm in (a, b, d); 1 μm in (c).](molce-38-10-866f5){#f5-molce-38-10-866}

![Defective cell plate formation in DEX-inducible *β′-COP* RNAi BY-2 cells. (A) Real-time quantitative RT-PCR was performed to determine the *β′-COP* mRNA level in the RNAi BY-2 cells after 2 days (2 d) or 4 days (4 d) of 15 µM DEX treatment. The transcript levels were expressed relative to that of BY-2 cells ethanol-treated for 4 days \[(−)DEX-4 d\]. Data points represent means ± SD of three replicate experiments; *^\*^P ≤ 0.05; ^\*\*^P ≤ 0.01*. (B) BY-2 cells were double-labeled with calcofluor staining (pseudo-colored red) and anti-α-tubulin antibodies to visualize the cell plate and the phragmoplast, respectively, after 4 days of ethanol (-DEX) or DEX treatment. The right-most panels show the calcofluor fluorescence intensity profiles spanning the cell plate (white lines). Scale bars = 5 μm. (C) BY-2 cells were double-labeled with aniline blue and DAPI to visualize the cell plate and the nuclei, respectively. Representative telophase cells are shown. BY-2 cells were treated with 20 µM BFA as positive control. Scale bars = 5 μm. (D) Telophase cells with (Telo + CP) or without the newly forming cell plate (Telo - CP) shown in (C) were quantified (n = ∼80 for each sample). Values are expressed as percentage of total telophase cells counted.](molce-38-10-866f6){#f6-molce-38-10-866}
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